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Biogasa b s t r a c t
The effect of mandatory pasteurisation on Category 3 offals, according to the Animal By-Products
Regulation (ABPR 1069/2009/EC), was determined using Biochemical Methane Potential (BMP) assays
as well as kinetic and statistical analysis. Pasteurised and unpasteurised offals sampled from cattle, pig
and chicken slaughterhouses were characterised and their specific methane yields (SMYs) and their
bioavailability was assessed. The resultant SMYs were high (465–650 mLCH4 gVS1) with no statistically
significant increase in methane production identified due to pasteurisation. However, the kinetics of
the biogas transformation processes highlighted increased bioavailability of the organics due to
pasteurisation. This was brought to light by the change in maximum daily SMY from day 22 to day 1
for the cattle offal (p = 0.001), day 17 to day 1 for chicken offal (p = 0.025) and an increase of 18.8% in
the maximum daily SMY of the pig offal on day 1 (p = 0.003). The increased bioavailability of the offals
manifested itself in two ways with the determining factor being identified as the physical characteristics
of the fats i.e. particle size. Firstly reducing the hydrolytic lag phase for the cattle offal, k = 7.46–1.52 days
(p = 0.013). Secondly, causing increased accumulation of Long Chain Fatty Acids to acute inhibitory
levels in the chicken and pig offal indicated by increased lag phases k = 5.05–21.91 days (p = 0.012),
k = 15.54–23.04 days (p = 0.007) respectively.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The slaughtering industry is a major facet of the agri-food sector
in Ireland. More than 1.6, 2.9 and 84.8 million cattle, pigs and
chickens respectively are slaughtered annually in Ireland (Central
Statistics Office, 2012). Approximately 46%, 26% and 32% (cattle,
pig and chicken) of the total animal weight slaughtered is not used
for food consumption and is considered process by-products of
varying value (Central Statistics Office, 2012; Edström et al.,
2003; Verheijen et al., 1996). Traditionally these waste streams
were treated through the rendering process (Bayer et al., 2012).
The enforcement of the ABPR in 2002 (1774/2002/EC repealed by
1069/2009/EC) to prevent the outbreak and spread of disease,
dictated the need for higher hygiene regulations, tighter process
controls and exclusion of the use of some animal by-products in
traditional uses (European Commission, 2009). The implementa-
tion of these regulations reduced the economic value of these
materials for rendering and in many cases they have to be disposed
of through incineration. The regulations regard biogas transforma-
tion as a suitable treatment method for a variety of animalby-products, provided approved pre-treatments are applied
(European Commission, 2005; Palatsi et al., 2011). Legislation dic-
tates slaughterhouse wastes must be treated by different thermal
pre-treatments prior to use in biogas transformation according to
its category (European Commission, 2009). Three categories are
defined (Kirchmayer et al., 2003; Braun and Kirchmayr, 2003;
Hejnfelt and Angelidaki, 2009):
 Category 1, high risk material (material presenting the highest
risk of containing animal diseases), is not permitted to be trea-
ted through biogas transformation under any circumstances.
 Category 2, high risk animal by-products (perished animals and/
or animals slaughtered but not intended for human consump-
tion), must be sterilised to 133 C under 3 bars for 20 mins.
 Category 3, low risk material (meat containing wastes from food
industry and slaughterhouse waste of animals fit for human
consumption), must be treated to a minimum of 70 C for
60 mins.
Slaughterhouse waste streams are considered as model sub-
strates for biogas transformation due to their high fat and protein
content. However, they are also regarded as difficult substrates for
the very same reasoning, primarily the high fat content (Palatsi
504 A. Ware, N. Power /Waste Management 48 (2016) 503–512et al., 2011). The simplified biogas transformation of fats is out-
lined in Fig. 1. This process depends on the syntrophic nature of
the acetogenic and methanogenic bacterial populations (Palatsi
et al., 2011). The hydrolysis rates of fats are dependent both on
their chemical characteristics as well as physical characteristics
such as the available surface area (particle size). Sayed et al.
(1988) found the liquefaction of fats to be rate limiting in slaugh-
terhouse wastewater when high amounts of suspended solids were
present due to their low bioavailability as a result of their lower
surface area and insolubility. The most common reasons for the
instability of the biogas transformation process, especially with
regards to the treatment of substrates with a high fat content,
are the production of inhibitory compounds known as intermedi-
ate fermenters such as Volatile Fatty Acids (VFAs) and Long Chain
Fatty Acids (LCFAs), produced during acidogensis and acetogensis
(Palatsi et al., 2011). Palatsi et al. (2010, 2011) along with Cirne
et al. (2007) observed rapid accumulation of VFAs during the initial
stages of the biogas transformation of substrates with high fat con-
tents, indicating that the hydrolytic-acidogenic bacteria did not
inhibit the substrate degradation and that the process was held
at the acetogenic and methanogenic stages, shaded grey in Fig. 1.
LCFAs can only be degraded through syntrophic interactions of ace-
togenic and methanogenic bacterial communities and as such the
inhibition of the acetogensis stage results in methane production
reducing or ceasing during the initial lag phase of LCFAs acetogen-
sis (Bayer et al., 2012; Palatsi et al., 2011; Cirne et al., 2007; Sousa
et al., 2007, 2009). The inhibitory effect of LCFAs is a recoverable
phenomenon, related to the physical adsorption of LCFA which
can hinder the solubility of the substrate through microbial cell
walls along with the slow growth rate of LCFA consuming bacteria
(Palatsi et al., 2011; Hejnfelt and Angelidaki, 2009; Salminen and
Rintala, 2002). Consequently, when LCFA inhibition occurs it can
be monitored as an initial delay in methane production or as a long
lag phase before complete degradation of the substrate occurs
(Palatsi et al., 2011; Hejnfelt and Angelidaki, 2009).
The pasteurisation of offals prior to use as a substrate for biogas
transformation is required to meet regulations set out by theFig. 1. Biodegradation stages of fats to biogas outlining stages affected by high
levels of LCFA accumulation, derived from Palatsi et al. (2010, 2011) and Cirne et al.
(2007).European Commission to avoid potential risks to humans and ani-
mals under the ABPR. However it could potentially influence
higher performance of the biogas transformation process also, in
terms of the bioavailability of organics increasing methane produc-
tion rate as well as increasing Specific Methane Yield (SMY). In
terms of raising performance, the goal of the pre-treatment is to
make the components of the waste stream more bioavailable,
which means that the proteins and fats of the waste stream are
more readily available to the bacterial populations thus reducing
the hydrolysis period. However increasing bioavailability may also
have negative connotations; by increasing the rate at which inter-
mediate fermenters are produced, inhibition may occur through
rapid accumulation of compounds such as LCFAs and VFAs. Con-
flicting effects of thermal pre-treatments such as sterilisation
(133 C and 3 bars for 20 min) or the more common pasteurisation
(70 C for 60 min), on the methane yield of slaughterhouse wastes
have been reported.
Edström et al. (2003) compared the potential gas yield from
Pasteurised (P) and Un-pasteurised (UP) mixtures of slaughter-
house waste, food waste and liquid manure. They concluded that
the P mixture resulted in a fourfold increase in biogas production
in comparison to the UP mixture. The biogas yield increased from
0.31l Lbiogas gVS1 to 1.14 Lbiogas gVS1. Hejnfelt and Angelidaki
(2009) investigated the effects of both sterilisation and pasteurisa-
tion on the methane yield from mixed pork waste and reported
that neither pre-treatments had an effect on achieved methane
yields. Cuetos et al. (2010) assessed the effects of sterilisation on
the methane yield of poultry slaughterhouse waste and its co-
digestion with the organic fraction of municipal solid waste
(OFMSW). The attempt of increasing methane yield by means of
application of sterilisation was not successful for either mixes
tested due to the instability of the digesters. The methane yields
observed were in fact reduced after pre-treatment was applied,
with a reduction of between 10% and 34%. Rodríguez-Abalde
et al. (2011) evaluated effects of thermal pre-treatments on the
methane yield of two solid slaughterhouse wastes, poultry and
pig slaughterhouse by-products. Pasteurisation was applied to
both wastes and the pig waste stream was also sterilised to
observe the effects. Varied results were reported; pasteurisation
and sterilisation had a significant effect on the methane yield of
the pig waste, over 50% increase for both pre-treatment methods.
This increment was not observed with the chicken waste with only
a 2.6% increase observed indicating pre-treatment had no signifi-
cant benefits to the process.
It is clear that the effect of thermal pre-treatment on the
methane yield of slaughterhouse waste is extremely varied and a
categorical statement as to the increase or decrease on the
methane/biogas yield cannot be made. The focus of this work is
to study the anaerobic biodegradability and methane potential of
solid slaughterhouse waste streams, under standardised condi-
tions, in order to determine the effect of mandatory pasteurisation
imposed by the ABPR.2. Materials and methods
2.1. Substrates
Solid slaughterhouse wastes were gathered from cattle, pig and
chicken slaughtering facilities. The selected solid waste fractions
were Category 3 soft offals produced during the evisceration pro-
cess. The general consistency of the offals in their sampled state
was as a heterogeneous solid waste, consisting of large identifiable
individual components of animal entrails and fat trimmings. Both
the chicken and pig offal contained the digestive tract contents of
the animals. The digestive tract contents of the cattle are removed
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waste stream. The highly controlled environment in which these
wastes are produced significantly reduced the probability of
interferents and pollutants entering the waste streams.
2.1.1. Sampling
The primary sample was provided by the slaughtering facilities
grounded on providing typical representation of offal from the
slaughtering of a single head in the case of cattle and pig and mul-
tiple heads in the case of chickens. The consistency of the primary
samples of the offals did not permit their direct use in accurate
BMP assays or composition analysis. As such the entire primary
samples were firstly macerated in order to reduce the particle size
(<8 mm) and then blended using a high rate paddle mixer until
maximum ‘‘homogeneity” was achieved. This preparation process
improved the homogeneity of the primary samples considerably.
However it is important to note that even after the preparation
process the offals are still characterised as heterogeneous, which
needs to be taken into account when considering the preparation
of secondary samples for reference analyses and BMP testing as
well as when considering the results (Bayer et al., 2012). Three
dimensional sampling of the prepared primary sample was carried
out in order to ensure representative secondary sampling of the
substrates.
2.2. Inoculum
LCFA toxicity has been shown to vary with the type of anaerobic
inoculum utilised and was more correlated to the inoculum’s phys-
ical characteristics (specific surface area and size distribution) than
to their biological characteristics (Hwu et al., 1996; Chen et al.,
2008). Suspended and flocculated inoculums, which have a higher
specific surface area, have been shown to suffer from a much
greater degree of LCFA inhibition than granular inoculum (Hwu
et al., 1996; Chen et al., 2008). Accordingly, the BMP assays carried
out in this study employed granular mesophilic inoculum, due to
the high possibility of LCFA inhibition, sourced from a mesophilic
Up-flow Anaerobic Sludge Blanket (UASB) reactor treating dairy
processing waste. The inoculum was harvested directly from the
reactor sampling ports and thus contained residual biodegradable
organic material. Consequently the inoculum was ‘‘degassed” i.e.
pre-incubated, in order to reduce the residual biodegradable
organic material in the inoculum and limit the background gas
produced during the testing. The degassing of the inoculum was
carried out under the same temperature range as the operational
temperature of the inoculum source and the experimental set-up.
No additional external nutrients were added to the inoculum, it
was assumed that basic nutrient requirements for biogas transfor-
mation were provided by the inoculum.
2.3. Analytical methods
The composition analysis was carried out in terms of basic,
organic and elemental characterisation. The basic parameters used
for substrate and inoculum description were the Total Solids (TS)
and Volatile Solids (VS) content determined in accordance to stan-
dard methods (U.S. Environmental Protection Agency, 2001). The
organics (VS) were further broken down into primary constituents
of fats, proteins and carbohydrates. Fats and proteins were deter-
mined by an approved laboratory for the microbiological testing
of ABP in accordance with Commission Regulation 142/2011/EU
implementing the ABPR (European Commission, 2009, 2011). The
difference between VS, fats and protein content was designated
as carbohydrates. The elemental composition (C, H, N) was deter-
mined following the standard operating procedure of a CE440Elemental Analyser, with O being designated as the difference
between VS and the C, H and N content.
2.4. Ultimate methane yield estimation
The Ultimate Methane Yield (UMY) of the offals was calculated
based on the stoichiometry of methane production and the empir-
ical formula of the organic waste streams, Eq. (1). Commonly
referred to as the Buswell formula (Buswell and Mueller, 1952)


















The above equation in most cases will be optimistic since nei-
ther non-degradable organics nor energy demand of the bacterial
populations is considered.
2.5. Experimental methods
The biogas transformation of the substrates was performed in
batch mode utilising BMP assays. The assays were maintained
under strict anaerobic conditions within a mesophilic temperature
range. The methane potential of the substrates was evaluated
based on their SMY defined as the total volume of methane pro-
duced during the incubation period per amount of substrate
(organic fraction) initially added, measured as mLCH4 gVS1. The
effect of the P was evaluated utilising a combination of the SMY
as well as analysis of the BMP production curves (Section 2.6.1)
and the kinetics of the methane production determined through
mathematic modelling (Section 2.6.2).
2.5.1. BMP assays
The BMP procedure employed in this study was based on the
principles described by DIN 38 414 (S8) (1985) and VDI 4630
(2006) with alterations to the gas measurement system (Sec-
tion 2.5.2) for direct measurement of the methane fraction of the
biogas produced. A graphical representation of the experimental
setup is provided in Fig. 2. Known amounts of substrate and
degassed inoculum, using an inoculum to substrate ratio of 2 based
on VS content, were digested in 1000 mL Duran bottles (working
volume of 900 mL). Triplicate assays for each waste stream were
performed to allow for the heterogeneity of the substrates.
Triplicate assays containing only degassed inoculum were also
implemented as control reactors to correct for background gas
produced. All reactors were statically incubated, within water
baths at 36–39 C, until substrate exhaustion. Mixing was provided
on a daily basis prior to recording the methane production. A
guideline for the termination of the test was when the daily gas
production was equivalent to approximately 1% of the total volume
produced over the period of the test. The initial incubation period
selected for this study was 30 days as the majority of the biodegra-
dation would be completed at this stage (Labatut et al., 2011). If the
gas production towards day 30 was observed to be larger than 1%
of the total volume produced the incubation period was extended
to 50 days to allow complete degradation of the substrate.
2.5.2. Gas measurement system
The methane produced was determined directly through posi-
tive liquid displacement. To directly measure the methane fraction
of the biogas produced the biogas was passed through an alkaline
solution (0.5 M NaOH), removing the carbon dioxide fraction and
the need for daily offline gas composition analysis. To ensure that
saturation of the alkaline solution did not occur the produced gas
was periodically tested using a GA5000 handheld biogas analyser
to ensure the absence of carbon dioxide from the measured gas.
Fig. 2. Graphical representation of experimental setup.
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of the process to be followed and to provide direction as to the sta-
bility of the process. At the end of the incubation period, a pH mea-
surement was taken of all BMP assays to ensure that the methane
production had not ceased due to acidification or if alkaline solu-
tion had been drawn into the reactors due to negative pressure.
2.5.3. Pasteurisation
The offals were tested in both UP and P forms to determine the
influence of the pasteurisation process on biodegradability and
methane potential. The pasteurisation was carried out in accor-
dance to ABPR for Category 3 wastes prior to use in biogas transfor-
mation (70 C for a minimum of 60 mins) (European Commission,
2009; Kirchmayer et al., 2003). The pasteurisation had a definite
effect on the physical characteristics of the offals from visual
inspection. The rendering of the fats from the chicken and pig offal,
resulted in the reduction in size of the offal particles and a more
‘‘liquid” appearance of the sample. After cooling the consistency
was a very malleable paste. While the fats in the cattle offal, which
could be differentiated from the rest of the offal as off-white
spheres prior to pasteurisation, appeared to melt. Once cooled
the fats in the cattle offal returned to a solid form and again were
clearly discernible from the other offal components as was the case
pre-pasteurisation. It was assumed that the pasteurisation process
would not alter the VS content, organic or elemental composition
as the operational temperature of 70 C and duration of the process
is too low to reduce the organic content of the samples substan-
tially, nor can this process add any organics to the original sample.
That was not to say that the process did not alter the chemical
structure of the organics, i.e. promoting the splitting of complex
fats into simpler and more bioavailable constituents to promote
shorter hydrolysis periods. The chemical alteration of the organics
is not as easily appraised as the physical alterations observed and
must be assessed through the evaluation of the results of the BMP
assays.
2.6. Evaluation of BMP assays
2.6.1. BMP production curves
A primary output of BMP assays includes cumulative SMY
curves which can follow a diverse range of patterns. The patterns
these curves follow are far from trivial and have meaningful impli-
cations. The kinetics of the different stages of the biogas transfor-
mation process and ultimately the shape of the methane
production curves is primarily controlled by the biodegradability
characteristics of the substrate and the production of inhibitoryintermediate fermenters and performance of the methanogenic
bacterial populations. Labatut et al. (2011) outlined their relevance
in aiding in identifying important biodegradability characteristics
of the substrate and any inhibition issues.
2.6.2. Kinetic modelling
Mathematic modelling of microbial growth has been used
extensively to estimate various parameters in relation to microbial
growth curves. In this study the modified form of the Richards sig-
moidal function by Zwietering et al. (1990), Eq. (2), was applied to
the experimental data to determine the maximum methane pro-
duction potential (A), maximum rate of methane production (lm)
and the duration of the lag phase (k). The modified Richards model
also incorporates a fourth parameter (v) that permits flexibility in
the shape of the curve, fundamental when dealing with the possi-
bility of partial inhibition due to intermediate fermenters.
y ¼ A 1þ v  expð1þ vÞ  exp lm
A
 1þ vð Þ 1þ1vð Þ  ðk tÞ
h in o1=v
ð2Þ
k is an indication of the minimum time taken for the methanogenic
bacteria to acclimate to the environment and is defined as the x-axis
intercept of the tangent of the inflection point of the curve
(Zwietering et al., 1990; Atlas, 2009). It can be used as an indicator
of the degree of inhibition (larger k), if any, or an increase in
bioavailability (smaller k) during the incubation period. A nonlinear
least square regression analysis was performed using SPSS (IBM
SPSS 22) to determine A, lm, k and v. At the same time the standard
error and coefficient of determination or correlation coefficient (R2)
was obtained to determine the correlation of the modelled and
experimental data.
2.7. Statistical analysis
All of the experiments were performed in triplicate, and the
results are expressed as mean values and relative standard devia-
tions where applicable. All statistical analysis was carried out using
SPSS. Normal distribution was assumed based on the agreement of
parametric and non-parametric testing and thus all inference was
carried out using t-tests and a level of significance (a) of 0.05.
3. Results and discussions
3.1. Substrate composition analysis
The characterisations of the individual offals are summarised in
Table 1. The organic analysis of the offals indicated that the VS
Table 1
Characterisation of sampled offals, all determinations performed in triplicated with relative standard deviation applied where relevant.
TS (%) VS (%) Fat (%TS) Protein (%TS) Carbohydrate (%TS) C:H:O:N (%TS)
Untreated offal
Cattle offal (UP) 65.2 ± 1.79 98.6 ± 0.08 58.1 26.5 14.02 65.8:10.8:18.9:3.1
Chicken offal (UP) 40.3 ± 3.69 96.6 ± 0.70 36.1 34.0 26.5 55.3:9.4:26.7:5.1
Pig offal (UP) 27.9 ± 0.22 95.2 ± 0.02 41.8 31.6 21.83 59.6:9.0:22.0:4.6
Treated offals
Cattle offal (P) 53.9 ± 3.24 98.6 ± 0.08 58.1 26.5 14.02 65.8:10.8:18.9:3.1
Chicken offal (P) 44.9 ± 2.17 96.6 ± 0.70 36.1 34.0 26.5 55.3:9.4:26.7:5.1
Pig offal (P) 33.1 ± 2.76 95.2 ± 0.02 41.8 31.6 21.83 59.6:9.0:22.0:4.6
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carbohydrates as the lowest portion. A significant difference in
the carbohydrate contents of the pig and chicken offal was seen
in comparison to the cattle offal. This can be attributed to the
digestive tract contents remaining in these waste streams during
the slaughtering process. The high fat content of the offals raises
concern in terms of possible inhibition through the accumulation
of intermediate fermenters from the hydrolysis of the fats.
3.2. BMP results
The results of the BMP assays are summarised in Table 2, pre-
senting both the SMY and Gross Methane Yield (GMY) along with
the methane based degradability (SMY/UMY) of the P and UP
assays. Graphical representations of both daily and cumulative
SMY are shown in Fig. 3, for the P and UP offals.
3.2.1. Unpasteurised offals
The biogas transformation and methane yield of the offals in
their UP state was initially investigated. All three UP offals
presented with high SMYs, ranging from 515.47 to 465.34 mLCH4
gVS1 as expected due to the high fat and protein content. The
cumulative SMY curves observed (shown in Fig. 3) were of an elon-
gated S-shape, characterised by a high rate of methane production
in the initial phase of the incubation period, followed by a reduced
daily methane yield, leading to a significant increase in methane
production and finally reaching a plateaux to the maximum
methane yield. The elongated S-shape curve is a typical curve asso-
ciated with organic waste streams with high concentrations of
complex compounds in particular fats.
The slower degradation of the fats resulted in a hydrolytic lag
phase observed for all of the untreated offals, indicated by the
slight reduction in daily SMY for a period of time. This identified
the hydrolysis of the fats as the rate limiting step in the biogas
transformation of the UP offals. The continued degradation of theTable 2
Results of BMP assays, relative standard deviation applied where necessary.
IPa SMY (mLCH4 gVS1) GMY (mLCH4 g1)
Untreated offals
Cattle offal (UP) 30 515.47 ± 58.8 331.30 ± 37.8
Chicken offal (UP) 30 499.11 ± 35.4 194.32 ± 13.8
Pig offal (UP) 50 465.34 ± 62.4 123.77 ± 16.6
Treated offals
Cattle offal (P) 30 569.11 ± 43.8 302.93 ± 23.3
Cattle offal (P) 50 650.92 ± 46.9 346.48 ± 24.9
Chicken offal (P) 50 501.13 ± 40.6 217.36 ± 17.6
Pig offal (P) 50 518.18 ± 38.3 163.43 ± 12.1
UP – Unpasteurised, substrate with no pre-treatment applied.
P – Pasteurised, substrate treated according to ABP regulations for Category 3 offals (
unchanged due to pasteurisation.
N.d. – not determined due to BMP still running so sampling could not take place.
a IP – Incubation period in days, duration of BMP.
* VS destruction shown as; 100⁄ (calculated VS degradation ± standard deviation).glycerol and LCFAs into soluble compounds for methanogenic
bacteria meant that during the hydrolytic lag phase a steady
methane production was observed. If the accumulation of LCFAs
became too high the methane production would have been
reduced by a larger degree to more or less zero indicating
inhibition of the syntrophic acetogensis and methanogensis stages.
LCFAs are surface active compounds and in aqueous systems
behave like synthetic surfactants (Salminen and Rintala, 2002).
Therefore a small floating scum layer on the surface of the reactors
was observed on all of the BMP assays for the UP offals. As methane
production was seen to increase the floating scum layer could be
seen to reduce, due to the degradation (acetogensis) of the LCFAs.
The methane production patterns were similar for the UP offals
with variations in the length of the lag phase caused by the delayed
hydrolysis of the fats, as evident from the daily methane produc-
tion patterns shown in Fig. 3. The severity of the floating scum
layers also varied, proportionally in relation to the length of the
lag phase, for each of the UP offals studied.
The maximum average daily SMY for UP cattle offal occurred on
day 23 (33.9 ± 3.86 mLCH4 gVS1 d1). This was due to the rate
limiting step; hydrolysis of the fats. The hydrolytic lag phase can
be clearly seen from day 4 until 11 where methane production is
at a steady daily yield and subsequently rapidly increases as LCFAs
are broken down during the period of 11–23 days. The maximum
daily SMY transpired to be the latest of the UP offals, indicating
that the hydrolysis of the fats was at a slower rate than that of
the UP pig and chicken offals. This was most likely due to the lim-
ited available surface area of the fats for the hydrolytic bacteria to
act on in comparison to the other offals i.e. the fats existed in larger
particle sizes therefore less surface for bacteria to act on resulting
in slower rate of degradation, liquefaction of fats was rate limiting
(Sayed et al., 1988). A much smaller hydrolytic lag phase was
observed for the UP chicken offal, 4–5 days observed from day
1–6, with methane production promptly increasing after day 6
impending towards a maximum average daily SMY on day 17VS degradation (%) UMY (mLCH4 gVS1) SMY/UMY (%)
89.06 ± 4.2 889.6 57.9 ± 6.6
88.70 ± 5.0 751.8 66.4 ± 4.7
95.73 ± 0.6 807.3 57.6 ± 7.7
N.d. 889.6 64.0 ± 4.9
99.99 ± 1.37 889.6 73.2 ± 5.3
100* (116.47 ± 4.6) 751.8 66.7 ± 5.4
100* (118.62 ± 2.5) 807.3 64.2 ± 4.8
70 C for min 1hour), VS content, organic and elemental characteristics assumed
Fig. 3. Daily and cumulative SMYs for offals both pasteurised and unpasteurised.
508 A. Ware, N. Power /Waste Management 48 (2016) 503–512(32.8 ± 0.39 mLCH4 gVS1 d1). The earlier incidence of the maxi-
mum daily SMY can be attributed to the fats existing in a more
bioavailable form (primarily a smaller particle size).
Evident differences were seen in the biogas transformation of
the UP pig offal. Firstly the average maximum daily SMY
(48.2 ± 1.45 mLCH4 gVS1 d1) occurred at a much earlier time,day 1 of the incubation period. This was followed by a much more
dramatic reduction in methane production over the next two days
(suggesting process instability). Secondly the lag phase observed
(day 5–25), identified from the daily methane production graph
(Fig. 3), was substantially longer than previously observed for the
UP cattle and chicken offals. These two manifestations are related.
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stage indicates that the organics present in the pig offal were in
a more bioavailable form and thus easily hydrolysed, resulting in
more glycerol and LCFAs produced at an earlier stage in the incu-
bation period. The glycerol then fermented into VFA, alcohols
and other acids and consumed by the methanogenic bacteria
responsible for the increased methane yield on day 1. The produc-
tion of LCFAs was at a higher rate, resulting in a higher accumula-
tion than seen in UP chicken and cattle offal causing an acute toxic
effect on the syntrophic acidogenic bacteria (reducing efficiency of
methane production for a small period of time). Thus, reducing the
methane production and extending the lag phase due to the larger
amount of LCFAs present. The longer lag phase resulted in the
methane production being greater than 1% of the overall methane
production by day 30, thus the incubation period was extended to
50 days. It is worth noting that the accumulation of the LCFAs
although partially impeding the syntrophic activity of the
acetogenic and methanogenic bacteria was not classed as outright
inhibition rather the process being in an inhibited steady state. A
condition where the process is running stably but less efficiently
and lower methane production due to the acute toxic effect of a
substance, in this case LCFAs (Chen et al., 2008). The inhibited
steady state resulted in the elongated S-shape cumulative SMY
curve being drawn out in comparison to those observed for UP cat-
tle and chicken offal.3.2.2. Pasteurised offals
The biogas transformation and methane yield of the offals in a P
state was investigated under identical process conditions as for the
UP assays. Again all three P offals presented with high SMYs, rang-
ing from 501.13 to 650.92 mLCH4 gVS1 over a 50 day incubation
period. The kinetics of the biogas transformation of the P offals
differed from what was observed for the UP assays. The elongated
S-shapes of the cumulative specific methane curves (Fig. 3) were
replaced by steeped curves for P pig and chicken offal while the
P cattle offal was more representative of a reverse L-shape curve.
The incubation period for all of the P offals was extended to
50 days as per the stipulation outlined in Section 2.5.1.
The P cattle offal presented an average maximum daily SMY of
29.9 mLCH4 gVS1 d1±15.8% on day 1 of the incubation period
while maintaining ample methane production within the first
11 days, observed as a hydrolytic lag phase for the UP samples. This
materialised in the cumulative specific methane production curve
of the P cattle offal having a steeper slope in the initial phase of the
incubation period resulting in a reverse L-shape curve. Of the three
P offals studied the cumulative curves of the cattle offal differed
from those observed for the P pig and chicken offals (stepped
curves). The stepped curve typically indicates that some form of
inhibition occurred within the reactors, raising the question as to
why this was not observed for the treated cattle offal consideringTable 3
Kinetic parameters estimated by the modified Richards model.
A (mLCH4 gVS1) lm (mLCH4 gVS1 d1)
Untreated offals
Cattle offal (UP) 523.39 32.03
Chicken offal (UP) 512.28 27.12
Pig offal (UP) 462.33 16.07
Treated offals
Cattle offal (P) 659.31 23.51
Chicken offal (P) 501.67 28.61
Pig offal (P) 510.01 23.13
UP – Unpasteurised, substrate with no pre-treatment applied.
P – Pasteurised, substrate treated according to ABP regulations for Category 3 offals (
unchanged due to pasteurisation.it had the highest fat content (53.9%); suggesting that it would
be the most vulnerable to inhibition. Again the larger particle size
of the fats as outlined previously for UP cattle offal can be seen to
have an effect here (Sayed et al., 1988). The larger particle size of
fats in the cattle offal resulted in a lower surface area for the hydro-
lytic bacteria to act on reducing the rate of accumulation of LCFA
and thus avoiding inhibition.
The P chicken and pig offal presented maximum average daily
SMYs (45.8 mLCH4 gVS1 d1±0.31% and 57.3 mLCH4 gVS1
d1±3.49% respectively) on day 1 of the incubation period also.
The maximum daily SMYs occurring at this stage was an indication
of an increased bioavailability and thus rate of hydrolysis and con-
sequently a more rapid build-up of LCFA and other intermediate
fermenters which manifested as a rapid decrease in the daily
SMY to zero over a period of 48 h. This was caused by the inhibition
of the acetogenic and methanogenic bacterial populations, due to
the rapid accumulation of high concentrations of LCFAs. In
literature LCFA inhibition has been demonstrated as a reversible
phenomenon (Palatsi et al., 2011). This is echoed in the results
obtained in this study; after a period of approximately 15 days
the methane production was seen to slowly increase indicating
the recovery of the bacterial populations (acetogenic and
methanogenic) within the P chicken and pig offal assays. In tandem
the floating scum layers were seen to break down indicating the
degradation of the LCFAs.3.3. Kinetics of methane production
Table 3 summarises the results of the kinetic study carried out
using the modified Richards equation. To evaluate the soundness of
the model results, the predicted methane yields were plotted
against the experimental values as shown in Fig. 4. All of the mod-
els provided reasonably good fits from visual inspection, while the
R2 values were in the range of 0.989–0.999. The largest difference
between experimental and modelled SMYs was less than 3%, and
less than 2% in most cases. Patil et al. (2012) reported errors of
up to 8.7% when predicting methane yields from water hyacinth
using sigmoidal growth curves. Thus the modified Richards models
were reasoned as a good fit for the biogas transformation of both P
and UP offals.3.4. Effects of pasteurisation
3.4.1. Increasing methane yield
For both P and UP assays cattle offal presented the highest SMY
over the 30 and 50 day incubation periods. It is important to note
as the incubation period of the UP cattle offal was only for 30 days
and considering the similarity of the kinetics of the biogas transfor-
mation, the direct comparison of the results at 50 days against the
30 day results would be inaccurate in this particular case. Over ak (days) v R2 Difference between V0 and A
7.80 4.59 0.997694 +1.53%
5.24 1.96 0.999369 2.64%
15.66 89.4 0.999069 0.64%
1.46 0.23 0.999235 +1.29%
21.93 7.78 0.991109 +0.11%
23.08 9.90 0.989448 1.58%
70 C for min 1hour), VS content, organic and elemental characteristics assumed
Fig. 4. Cumulative specific methane yield and modified Richards model plots for P
and UP offals.
Fig. 5. Comparison of cumulative specific methane curves for UP chicken and P
chicken after removal of 15 day lag phase observed between day 4 and 19.
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515.47 to 569.11 mLCH4 gVS1, a 10.4% increase due to pasteurisa-
tion. This increase in the SMY was found to be statistically insignif-
icant (p = 0.459). The treating of the LCFA inhibition in the P
chicken offal as an initial delay in methane production or long
lag phase before completed degradation of the substrate, as
reported by a number of other studies (Hejnfelt and Angelidaki,
2009; Palatsi et al., 2010; Pereira et al., 2005), was asserted
through the removal of the 15 day lag phase from the cumulative
SMY curve over a 50 day incubation period. This resulted in an
elongated S-shape curve comparable (R2 = 0.996) to that of the
UP chicken offal from 30 days of incubation, as seen in Fig. 5. As
a result the direct comparison of the SMYs from the 30 day
incubation period for the UP chicken offal and the 50 day
incubation period for the P chicken offal was deemed acceptable.
The chicken offal showed a 0.4% increase in the SMY, 499.11–
501.13 mLCH4 gVS1, as a result of the pasteurisation which was
proven to be statistically insignificant (p = 0.634).
The accumulation of LCFAs from the hydrolysis of the fats in the
UP pig offal caused an inhibited steady state to occur, where the
process was running stably but less efficiently and with lower
methane production due to the acute toxic effect of the LCFA
(Chen et al., 2008). This inhibited steady state lasted for approxi-
mately 25 days. In the case of the P pig offal the increased rate of
hydrolysis and the rapid accumulation of LCFAs, resulted in a fully
inhibited state, however the duration of this period was less at
15 days of zero methane production. Consequently the two states
of inhibition were deemed comparable; UP pig offal low methane
yield over longer period, P pig offal zero methane yield over
shorter period making the SMYs over the two 50 day incubation
periods comparable. The pasteurisation caused an 11.4%
increase in the SMY of the pig offal. This increase from 465.34
to 518.18 mLCH4 gVS1 was determined to be statistically
insignificant (p = 0.455).
3.4.2. Increasing bioavailability of organics
Pasteurisation failed to have a significant effect on the SMYs of
the offals however the pasteurisation process did have an effect on
the bioavailability of the offals. This was distinguished initially
through the variation of the cumulative SMY curves of all three P
offals. The change in shape of the cumulative SMY curves (Fig. 3)
is a direct result of the change in rate of the biodegradation of
the organics, primarily the bioavailability of the substrate tohydrolytic bacteria. Further analysis of the BMP results revealed
the effect of the pasteurisation on the bioavailability of the
organics.
The average maximum daily SMY was seen to shift from day 22
for UP cattle offal to day 1 for P cattle offal which was deemed as a
significant change (p = 0.001). Granted the maximum specific daily
methane yield was 11.8% lower at 29.9 mLCH4 gVS1 d1±15.8%,
there was a statistically significant increase (p = 0.012) of 28.5%
in methane production observed within the first 15 days of incuba-
tion of the treated cattle offal. This indicated a shift to the greater
part of the methane production occurring in the first 15 days of the
incubation period rather than the latter half of the incubation per-
iod. This materialised in the cumulative methane curve of the trea-
ted cattle offal having a steeper slope in the initial phase of the
incubation period altering the curve to a reverse L-shape rather
than an elongated S-shape for the untreated cattle offal. The
increased bioavailability was also demonstrated by the reduction
in k estimated from the kinetic modelling, 7.80 days to 1.46 days,
a statistically significant decrease (p = 0.013) highlighting the
increased rate of hydrolysis.
The effect of pasteurisation on chicken offal in terms of bioavail-
ability was also apparent from the daily SMY trends observed. The
maximum daily SMY of the P chicken offal was seen to occur
16 days earlier (day 17–1) when compared to that of the UP
chicken offal, a statistically significant shift (p = 0.025). An average
39.6% increase in maximum daily SMY was also observed across
the triplicate assays for the P chicken offal, a proven statistically
significant increase (p = 0.001). This was a clear indication that
the bioavailability of the fats increased by the pasteurisation pro-
cess; consequently they were hydrolysed at a higher rate resulting
in higher methane production at an earlier stage. The increased
bioavailability was most likely due to the rendering action during
pasteurisation releasing the fats from the meat and tissue of the
offal. The same phenomenon was observed in the P pig offal with
a large increase in maximum daily SMY occurring on day 1. The
increase of 18.8% (48.2–57.3 mLCH4 gVS1 d1) was seen to be sta-
tistically significant (p = 0.003) again confirming the increased
bioavailability of the organics. These results indicated that the pas-
teurisation did in fact promote the splitting of the complex fats and
perhaps some of the proteins into simpler and more bioavailable
forms resulting in earlier and increased maximum daily SMY.
However for P chicken and pig offal this resulted in a rapid accu-
mulation of inhibitory intermediate fermenters causing inhibition
of the methanogenic bacteria.
Fig. 6. Floating fat/scum layer after of P and UP chicken and pig offal after 5 days of incubation.
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An increase in kwas seen for both P chicken and pig offal, 5.24–
21.93 days and 15.66–23.08 days respectively, both statistically
significant results (p = 0.012, 0.007) suggesting some form of inhi-
bition/instability in the assays. Larger k and ceasing of methane
production observed for the P chicken and pig offals indicated
the occurrence of something other than a delay in hydrolysis. Inhi-
bition of the methanogenic bacteria was assumed as the methane
production in both sets of assays dropped to zero for extended
periods. As the reactors were sealed for the duration of the BMP’s
the identification of the concentration of intermediate fermenters
during the incubation period could not be quantified. However
one of the properties of LCFAs is that they are surface active com-
pounds and in aqueous systems will act as synthetic surfactants
(Salminen and Rintala, 2002). This results in thick floating layers
occurring if a large accumulation of LCFAs occurs. For both the P
pig and chicken offal substantial large floating scum layers in com-
parison to the UP offals were observed after a period of approxi-
mately 5 days (beginning of inhibition period) as can be seen in
Fig. 6 by the white foaming. This was a clear indication that a large
accumulation of LCFA had occurred resulting in the ceasing of
methane production from day 4 onwards in both cases. Therefore
the rate limiting factor in these cases was attributed to LCFA accu-
mulation and inhibition of the acetogenic and methanogenic bac-
terial populations, rather than substrate recalcitrance to the
hydrolytic bacterial population as was the case in the UP assays.
The rapid accumulation of LCFAs in comparison to the UP pig
and chicken offal assays is also an indication of the increasedbioavailability of the organic compounds within the P assays as
mentioned earlier.
The LCFAs were gradually broken down, signified by the reduc-
tion of the foaming layers as the assays reached their respective k
values. This was accompanied by a revival of methane production
in all assays signifying the recovery of the methanogenic bacterial
population, leading to the exponential phase of the curve followed
by the stationary phase where the asymptote (max SMY) was
eventually reached. The recovery of the bacterial populations
within the assays after LCFA inhibition demonstrated that it is
partial in nature and the possibility of bacterial populations to
acclimate to higher levels of inhibitory compounds for fat rich
waste streams.
4. Conclusions
The BMP assays performed on characterised slaughterhouse
offals showed high biodegradability and SMY; but that fat content,
particle size as well as pasteurisation had an effect of the process
kinetics as a whole. The pasteurisation process increased the
bioavailability of the organics, primarily fats, which demonstrated
both positive and negative connotations; increased initial daily
SMY coupled with a reduced hydrolytic lag phase (cattle offal) as
well as promoting more rapid accumulation of intermediate fer-
menters (chicken and pig offal) causing LCFA inhibition. Despite
the recorded inhibition after pasteurisation the process was able
to fully recover syntrophic methanogenic activity and fully degrade
the pasteurised offals.
512 A. Ware, N. Power /Waste Management 48 (2016) 503–512Acknowledgement
The authors would like to thank the Irish Research Council for
providing the scholarship under the Embark Initiative to allow this
research to be undertaken.
References
Atlas, L., 2009. Inhibitory effect of heavy metals on methane-producing anaerobic
granular sludge. J. Hazard. Mater. 162, 1551–1556. http://dx.doi.org/10.1016/j.
jhazmat.2008.06.048.
Bayer, S., Rantanen, M., Kaparaju, P., Rintalal, J., 2012. Mesophilic and thermophilic
anaerobic co-digestion of rendering plant and slaughterhouse wastes.
Bioresour. Technol. 104, 28–36. http://dx.doi.org/10.1016/j.biortech.2011.
09.104.
Braun, R., Kirchmayr, R., 2003. Implementation stages of directive EC 1774/2002 on
animal by-products. In: Proceeding at the European Biogas Workshop ‘‘The
future of Biogas in Europe II”, SDU-Esdjerg, Denmark, pp. 30–42.
Buswell, A.M., Mueller, H.F., 1952. Mechanism of methane fermentation. Ind. Eng.
Chem. 44, 550–552. http://dx.doi.org/10.1021/ie50507a033.
Chen, Y., Cheng, J.J., Creamer, K.S., 2008. Inhibition of anaerobic digestion process: a
review. Bioresour. Technol. 99, 4044–4064. http://dx.doi.org/10.1016/j.
biortech.2007.01.057.
Cirne, D.G., Paloumet, X., Björnsson, L., Alves, M.M., Mattiasson, B., 2007. Anaerobic
digestion of lipid-rich waste-effects of lipid concentration. Renew. Energy 32,
965–975. http://dx.doi.org/10.1016/j.renene.2006.04.003.
CSO (Central Statistics Office Ireland), 2012. Meat supply balance 2011. Available:
<http://www.cso.ie/en/media/csoie/releasespublications/documents/
agriculture/2011/meatsup_2011.pdf> (accessed 17.04.15).
Cuetos, M.J., Gómez, X., Otero, M., Morán, A., 2010. Anaerobic digestion and co-
digestion of slaughterhouse waste (SHW): influence of heat and pressure pre-
treatment in biogas yield. Waste Manage. 30, 1780–1789. http://dx.doi.org/
10.1016/j.wasman.2010.01.034.
DIN 38414, 1985. Part 8: German standard methods for the examination of water,
waste water and sludge; Sludge and sediments (group S): determination of the
amenability to anaerobic digestion.
EC (European Commission), 2005. Official Journal of the European Union –
European Parliament Commission Regulation 2005/92/EC. OJ L 31/62.
EC (European Commission), 2009. Official Journal of the European Union –
European Parliament Commission Regulation 2009/1069/EC. OJ L 300/1.
EC (European Commission), 2011. Official Journal of the European Union –
European Parliament Commission Regulation 2011/142/EC. OJ L 300/1.
Edström, M., Nordberg, Â., Thyselius, L., 2003. Anaerobic treatment of animal
byproducts from slaughterhouses at laboratory and pilot scale. Appl. Biochem.
Biotechnol. 109, 127–138. http://dx.doi.org/10.1385/ABAB:109:1-3:127.
Hejnfelt, A., Angelidaki, I., 2009. Anaerobic digestion of slaughterhouse by-products.
Biomass Bioenergy 33, 1046–1054. http://dx.doi.org/10.1016/j.biombioe.2009.
03.004.
Hwu, C., Donlon, B., Lettinga, G., 1996. Comparative toxicity of long-chain fatty acid
to anaerobic sludges from various origins. Water Sci. Technol. 34, 351–358.
http://dx.doi.org/10.1016/0273-1223(96)00665-8.Kirchmayer, R., Scherzer, R., Baggesen, L.D., Braun, R., Wellinger, A., 2003. Animal
by-products and anaerobic digestion: requirements of the European Regulation
(EC) No 1774/2002. IEA Bioenergy, Task 37: Energy from Biogas and Landfill
Gas, Biogas Centre of Excellence.
Labatut, R.A., Angenent, L.T., Scott, N.R., 2011. Biochemical methane potential and
biodegradability of complex organic substrates. Bioresour. Technol. 102, 2255–
2264. http://dx.doi.org/10.1016/j.biortech.2010.10.035.
Palatsi, J., Illa, J., Prenafeta-Boldú, F.X., Fernandez, B., Angelidaki, I., Flotats, X., 2010.
Long-chain fatty acids inhibition and adaptation process in anaerobic
thermophilic digestion: batch tests, microbial community structure and
mathematical modelling. Bioresour. Technol. 101, 2243–2251. http://dx.doi.
org/10.1016/j.biortech.2009.11.069.
Palatsi, J., Vinas, M., Guivernau, M., Fernandez, B., Flotats, X., 2011. Anaerobic
digestion of slaughterhouse wastes: main process limitations and microbial
community interactions. Bioresour. Technol. 102, 2219–2227. http://dx.doi.org/
10.1016/j.biortech.2010.09.121.
Patil, J.H., Raj, M.A., Muralidhara, P.L., Desai, S.M., Mahadeva Raju, G.K., 2012.
Kinetics of anaerobic digestion of water hyacinth using poultry litter as
inoculum. Int. J. Environ. Sci. Dev. 32, 94–98. http://dx.doi.org/10.7763/
IJESD.2012.V3.195.
Pereira, M.A., Pires, O.C., Mota, M., Alves, M., 2005. Anaerobic biodegradation of
oleic and palmitic acids: evidence of mass transfer limitations caused by long
chain fatty acid accumulation onto the anaerobic sludge. Biotechnol. Bioeng. 92,
15–23. http://dx.doi.org/10.1002/bit.20548.
Rodríguez-Abalde, A., Fernández, B., Silvestre, G., Flotats, X., 2011. Effects of thermal
pre-treatments on solid slaughterhouse waste methane potential. Waste
Manage. 31, 1488–1493. http://dx.doi.org/10.1016/j.wasman.2011.02.014.
Salminen, E., Rintala, J., 2002. Anaerobic digestion of organic solid poultry
slaughterhouse waste a review. Bioresour. Technol. 83, 13–26. http://dx.doi.
org/10.1016/S0960-8524(01)00199-7.
Sayed, S., van der Zanden, J., Wijffels, R., Lettinga, G., 1988. Anaerobic degradation of
the various fractions of slaughterhouse wastewater. Biological Wastes 23, 117–
142. http://dx.doi.org/10.1016/0269-7483(88)90069-9.
Sousa, D.Z., Pereira, M.A., Stams, A.J.M., Alves, M.M., Smidt, H., 2007. Microbial
communities involved in anaerobic degradation of unsaturated or saturated
long-chain fatty acids. Appl. Environ. Microbiol. 73, 1054–1064. http://dx.doi.
org/10.1128/AEM.01723-06.
Sousa, D.Z., Smidt, H., Alves, M.M., Stams, A.J.M., 2009. Ecophysiology of syntrophic
communities that degrade saturated and unsaturated long-chain fatty acids.
FEMS Microbiol. Ecol. 68, 257–272. http://dx.doi.org/10.1111/j.1574-
6941.2009.00680.x.
U.S. Environmental protection Agency, 2001. Method 1684: Total, Fixed and Volatile
Solids in Water, Solids and Biodsolids.
VDI 4630-Fermentation of organic materials: characterisation of the substrate,
sampling, collection of material data, fermentation test; 2006. The Association
of German Engineers.
Verheijen, L., Vierson, D., Hulshoff Pol, L.W., De Wit, J., 1996. Livestock and the
Environment Finding a Balance: Management of Waste From Animal Product
Processing. International Agriculture Centre, Wageningen, Netherlands.
Zwietering, M.H., Jongenburger, I., Rombouts, F.M., Riet, K.V., 1990. Modelling of the
bacterial growth curve. App. Environ. Microbiol. 56, 1875–1881, doi: 0099-
2240/90/061875-07$02.00/0.
